Liquid molecules form ordered structures in the vicinity of the solid-liquid interface. Mass transport in the ordered structure exhibits decidedly different characteristics from the ordinary diffusion property governed by Fick's law. In order to analyze mass transport at this nanoscopic scale, we have monitored the PMF (potential of mean force) obtained from the number density of liquid molecules, which corresponds to the free energy change with respect to the molecular migration. Using this PMF profile, the kinetic process model to describe the molecular mobility inside these ordered structures was developed in this study. In order to verify whether the suggested kinetic model works correctly, molecular dynamics (MD) simulations of the liquid-solid interface system were performed. In a simple system consisting of a LJ liquid and flat solid walls, which are modeled by the continuum media interacting with liquid molecules, molecular adsorption and desorption phenomena were observed. In each process in which molecules migrate to the neighboring adsorption layer, the height of the free energy barrier was calculated using the PMF distribution. It was found that the PMF has a dominant influence on the molecular transport perpendicular to the wall and that the developed kinetic model can accurately predict the molecular mobility over the free energy barrier due to the adsorption and desorption process.
Introduction
There is an increasing need in current technologies to know and control nanoscale mass transport phenomena in liquids adjacent to solid surfaces. For example, the current spatial scale of nanolithographic patterning on semiconductor wafer substrates has decreased to a few tens of nanometers (Martinez, et al., 2007 , Duan, et al., 2013 , and furthermore, lithographic techniques aiming at a 10 nm spatial scale are now being developed. In the wet processing involved in such semiconductor fabrication, it is required to impregnate the patterning with chemical solutions and to transport the functional molecules to the solid interface. Rinsing with water and alcohol substitution are also often utilized in this process. The mass transport in such situations cannot be predicted by a straightforward extension of those at macroscopic scales.
It is widely known that liquid molecules form ordered structures in the vicinity of solid-liquid interfaces. Since these structures have dominant influences on the mass transport in the solid-liquid interface region, the transport shows anomalous features that differ from the features of ordinary diffusion following Fick's law. Diffusion coefficients in the direction parallel to the interface were measured by the authors using MD simulations of liquid water and IPA adjacent to a SiO 2 solid surface (Naruke, et al., 2015) . For analyses of the molecular migration perpendicular to the interface, a specific consideration of the molecular scale mechanism for the transport is required. Between the structured layers, there are spaces where liquid molecules are excluded by specifically high free energy barriers associated with the molecular migration. The liquid molecule overcomes this barrier by its own thermal energy in the process of adsorption and desorption to/from the solid surfaces.
So far, as for the molecular diffusion through heterogeneous substances and interfaces, the methodology, which allows us to estimate the (spatially) local diffusion coefficient, has been proposed (Liu, et al., 2004 , Wick, et al., 2005 . However, in order to develop the comprehensive picture of mass transport in heterogeneous media, the applicability of the Fick's law in a small spatial scale at the microscopic level still has to be elucidated. On the other hand, to evaluate the distribution of free energy that governs the mass transport, the PMF (potential of mean force) (Frenkel et al., 2002) has been utilized (Garrett, et al., 2006 , Yuan, et al., 2015 , Xu, et al., 2008 . The adsorption and desorption phenomena were found to be rather complicated and the correlation between molecular mobility associated with these phenomena and the PMF barrier was not clear, mostly because of the influences of complex structures at the solid-liquid interface region. Therefore, to establish a basic kinetic model that describes the dynamic behavior of liquid molecules in the vicinity of solid surfaces, a simple physical system consisting of a flat and smooth solid surface and a liquid was utilized. Validation of this model by molecular dynamics simulations will answer some open questions about the governing factors for adsorption/desorption at the interface. Here, a molecular dynamics simulation was performed in which the PMF distribution and the frequency of adsorption and desorption of liquid molecules onto the solid surface were analyzed.
Computational Details
We performed simulations of monatomic LJ liquid. The interaction between two particles is given by
with ε = 1.653 × 10 −21 J and σ = 3.4236 Å with a cut-off radius of 4.674σ. The mass of the liquid molecule, m, was set to be 6.664 × 10 −26 kg which is equivalent to 39.95 kg/kmol. We here report all quantities in reduced units, that is, length in units of σ, temperature T in units of ε/k B , and time t in units of
To make a simple solid wall on which liquid molecules form adsorption layers, the interaction between liquid molecules and a solid wall is expressed using only the distance between a solid surface and a molecule. A functional form of the wall potential, U(D), is given by
where ε w and σ w are the potential parameters for the well depth and the radius, respectively, and D is the normal distance between a particle and a wall. This potential is applied between the solid wall and every liquid molecule. It is obtained assuming a flat and smooth (not atomically structured) wall of an effective continuum medium where LJ particles are distributed with a uniform density corresponding to the number density of a fcc crystal made by LJ particles. In this study, the parameter ε w varies from 1.10 to 6.62 at a fixed σ w = 0.715, and σ w takes 0.36 and 1.43 at a fixed ε w = 2.21. The cut off distance of this potential is set to 10.2.
The computational system was composed of two parallel solid walls and the liquid in a computational cell with the size of L x × L y × L z = 10.94 × 10.94 × 54.71. The two solid surfaces were located at z = 0 and 54.71, respectively. Periodical boundary conditions were applied in x and y directions.
The liquid was saturated at a temperature of 0.882, which is 0.68 times the critical temperature (Dunikov, et al., 2001) . The number density of the liquid in the center region free from the influence of the solid walls was adjusted to be 0.763, which is the density of the saturated liquid at a temperature of 0.882.
The velocity Verlet was applied with the time step of 4.611 × 10 −4 in LJ reduced unit. The simulation data was acquired in the NVE ensemble for 6,000,000 steps after an equilibration run of 500,000 steps. In the present study, velocity scaling was applied every 10,000 steps to keep the temperature of the system constant. 
Results and Discussion

Liquid structure in the vicinity of solid surface
In the vicinity of a solid surface, liquid molecules form ordered structures captured by the potential field created by the solid wall. To examine the dependence of the structures on the potential field, the number density distribution of liquid molecules perpendicular to the walls was analyzed with a variation of the potential parameters, namely ε w and σ w . To demonstrate the structuring trend, three number density distributions where ε w = 1.10, 2.21 and 4.42 are shown in Fig. 1 as examples. Because of the system symmetry, the distributions only in the vicinity of wall at z = 0 are displayed in Fig. 1 . In this study, the spatial resolution for the calculation of the density distributions was set to 5.84 × 10 −2 to properly evaluate their peak and minimum values. The peaks of the distributions in the vicinity of the interface increase as the parameter ε w becomes higher. This result implies that the number of molecules adsorbing to walls increases by increasing the affinity between the wall and the liquid molecules. In addition, it is showed that the peak values for ε w = 2.21 and 4.42 decrease as the distance z increases but those values for ε w = 1.10 increase. This difference of the trends comes from the mechanism creating the nearest peak. Specifically, the nearest peak of the distribution for ε w = 1.10 would be created mainly because the liquid are pressed against the fixed wall which has low affinity with the liquid, whereas the nearest peaks for ε w = 2.21 and 4.42 are created by high affinity of the wall with the liquid.
Although the distributions for variations of σ w are not shown here, it was confirmed that the locations of the adsorption layers depend on σ w . That is, the distance between the layer and the walls increases with larger σ w . Hereafter, the adsorption layers nearest to the solid surface are referred to as 1st adsorption layer, 2nd adsorption layer and 3rd adsorption layer from the wall side toward the bulk liquid.
Mass transport properties in the vicinity of solid surface
Among the adsorption layers mentioned above, hopping migration of the liquid molecules occurs under the significant influence of the layered structures, and therefore mass transport in the vicinity of walls shows different features from ordinary diffusion. Considering this transport in the presence of heterogeneities of density as a kinetic process, the transport process can be analyzed in the framework of reaction kinetics.
In our model, the mass transport among the adsorption layers perpendicular to the walls is seen as a kinetic process mediated by molecular hopping that surmounts a free energy barrier between the layers. In this theoretical model, the mobility of molecules is expressed as a reaction rate constant of this kinetic process, and then the Arrhenius equation holds between the height of the barrier and the reaction rate constant. The Arrhenius equation is given by (Frenkel et al., 2002) 
Fig. 1
The variation of number density distribution in the vicinity of a wall located at z = 0 with the potential parameter ε w varying from 1.10 to 4.42 for a fixed σ w = 0.715. The distributions for parameters of ε w = 1.10, 2.21 and 4.42 are plotted with blue, black and red lines, respectively. The black dashed line denotes the number density of the saturated bulk liquid. 
where k, ΔF , k B , T and k 0 denote the reaction rate constant, height of the free energy barrier, the Boltzmann constant, temperature and frequency factor, respectively. Here the free energy profile with respect to the molecular migration perpendicular to the wall is evaluated by the PMF. The distribution of the PMF in the system consisting of a single component is given by
where F(z), ρ(z) and ρ 0 denote the free energy, number density at coordinate of position z and number density in bulk liquid, respectively. The reference free energy, F 0 , was set to zero in the bulk-like region of the liquid, i.e., F 0 = 0. An example of the PMF is shown in Fig. 2 with the number density distribution for ε w = 2.21. The red line shows the density distribution, and the blue line shows the PMF distribution per molecule. The height of the free energy barrier which liquid molecule overcomes when it moves to the neighboring layer is obtained using Eq. (5).
where ρ max is the maximum density in the present layer and ρ min is the minimum density between the present layer and the neighboring one. Thus, with this kinetic model of the adsorption and desorption which is built on Eq. (3), the following equation based on Eqs. (4) and (5) is the obtained. 
This equation indicates that ρ max /ρ min obtained from the number density distribution of the liquid molecules has a linear relationship with the reaction rate constants. The slope of the linear relationship is minus one on a logarithmic scale, and the y-intercept corresponds to the frequency factor. The reaction constant k corresponding to molecular mobility among adsorption layers is obtained from the molecular transport observed in the MD simulations. Regarding the process in which a liquid molecule adsorbs to/desorbs from an adsorption layer as a first-order reaction for molecular migration perpendicular to the walls, N(t), the number of the molecules remaining continuously for time t in the target layer, is 
where N 0 is the number of molecules present in the target layer at time t = 0, and k tot is the reaction rate constant of the process in which the molecules migrates to neighboring layers toward the wall or the bulk side. The rate constant k tot is given by
where k wall and k bulk are the reaction rate constants of the process of liquid molecules migrating to neighboring layers toward the wall and the bulk side, respectively. The numbers of molecules which migrate to the next layer toward the wall, N wall (t), and toward the bulk, N bulk (t) are respectively given by
The numbers of molecules that migrate to the neighboring layers toward the wall and the bulk side from the present layer during 0 < t < ∞ are denoted by N wall,∞ and N bulk,∞ , respectively. 
holds. The discussion above is also valid in the first adsorption layer, taking k wall = 0, since there are no molecules migrating toward the wall.
Here, the mobility of molecules migrating to the neighbor layer is evaluated quantitatively using the survival probability shown below. The probability of molecules in a certain region is given by
where N(0) is the number of molecules which exist in the region at an initial time t = 0, and N(t) is the number of molecules which stay in the region for a time period of t. An example of the survival probability of liquid molecules in the second adsorption layer is shown by the black line in Fig. 3 . Since the survival probabilities of molecules in adsorbed layers decay exponentially with t s , as shown in Fig. 3 , k tot is obtained using exponential curve fitting as follows,
In addition, to know the mobility of liquid molecules among the layers, the direction of the molecular migration, toward the wall or the bulk side, was observed in the simulation, and the number of molecules moving towards each side was individually counted. In Fig. 3 , the numbers of molecules per unit area migrating toward the wall and the bulk side from the 2nd layer, namely N wall (t) and N bulk (t), are also plotted with red and blue lines, respectively. The reaction constant of the process in which molecules migrate to the neighboring layers toward the wall and the bulk side is obtained, which is specifically the value representing the mobility, as follows. 
Now, we examine the validity of the present model by seeing whether Eq. (6) holds among obtained reaction constants and measured free energy barriers. On each desorption or adsorption process, the relationship between reaction rate constants and the height of the free energy barriers is shown in Fig. 4. Figures 4(a) -(c) represent the relationships for the process of migration from the first layer to the second layer, from the second layer to the third layer and from third layer to second layer, respectively. In these figures, a least square fit gives the red lines whose slopes are fixed to minus one based on the theoretical conclusion, Eq. (6). A good agreement is found between the theoretical relationships shown by the red lines and the observations in the MD simulation. It should be noted that the frequency factors given by the y-intercepts of the plots coincide with each other for the three different processes.
It is concluded from these results that in inhomogeneous liquids in the vicinity of solid walls, the molecular transport perpendicular to the wall can be described as the migration model governed by the Arrhenius equation based on the reaction kinetics, where the liquid molecule exits a stable energy state and migrates by overcoming a free energy barrier. Futhermore, it is expected that this kinetic model is properly applicable to multi-component systems by using the PMF distribution of each component calculated by a special method such as an umbrella-sampling method (Kumar, et al., 1992) and other free energy evaluation techniques.
